Introduction
Optically and optoelectronically active molecular components, namely π conjugated units, are commonly applied in organic molecule or polymer based photovoltaic, energy conversion devices owing to their emissive and charge transporting (semiconducting) properties. 1, 2 Compared with inorganic hard emitters and semiconductors, organic based devices have several advantages; they are lightweight, exible, and the design of the molecular structures and properties can be tailored. However, most organic materials composed of π conjugated molecules do not have long term resistivity under photo degradation, i.e., polymerization, dimerization, or photo oxidation conditions. 3 In addition, once fabricated in developing foldable devices, such materials are incapable of standing largely bending situation or being completely folded up. 4 In this regard, to overcome the issues mentioned above, which are essential requisites for the advanced materials in developing organic based electronics; the author has very recently established room temperature functional organic liquids. 5 9 The liquid state π conjugated molecules can be fabricated in any shape and coated on various substrates. 8, 9 They exhibit remarkable photo stability, 9 multi color adjustable luminescence with high quantum yield, 8, 9 as well as a unique and novel self assembly phenomenon. 10 In this review article, the molecular design strategy for producing functional organic liquids with advanced optical and optoelectronic properties are described.
A Pioneer in Room Temperature π Conjugated Molecular Liquids
Attaching alkyl chains on a π conjugated molecule or polymer is a common strategy to increase their solubility in organic solvents and make them easier for device fabrication via wet processing techniques, like casting and spin coating. On the other hand, the author and coworkers have considered a design consisting of a π conjugated unit and long alkyl chains, which produces a molecule in which both molecular segments are intrinsically hydrophobic, but can exhibit unique amphiphilic behaviour. 11 Similar to conventional surfactants carrying a hydrophilic head group and hydrophobic long alkyl tails, the alkyl π conjugated molecules also possess two different solvophilic moieties; that is, a π conjugated moiety which exhibits higher af nity in aromatic solvents but is less soluble in alkanes, and alkyl segments which have the opposite trend. This new type of hydrophobic amphiphilicity can be utilized for the self assembly of alkyl π conjugated molecules in organic solvents. 11, 12 The balance of the two different intermolecular interactions; π π (C 60 ) and van der Waals (alkyl chains), could determine the assembled morphology in various solvent media. As an actual occurrence, multiple linear long alkyl chains attached C 60 derivatives (1 4), e.g. N methyl [60] fulleropyrrolidines carrying a phenyl substituent with multiple alkyloxy chains (Figure 1a ), form a highly ordered lamellar mesophase 13, 14 and dimensionally controlled nano/micro architectures. 15 19 Various solid objects such as spheres, bers, cones, owerlike, left and right handed microstructures, nano aked microparticles, and sheets are achieved by tuning the alkyl chain volume and varying the nature of solvent systems (Figure 1b j) . 15 17 The balance of the π π and van der Waals interactions among the alkyl C 60 derivatives can be adjusted by the position and length of the alkyl chains on the phenyl substituent unit. For instance, the same fulleropyrrolidine type alkyl C 60 derivatives substituted with a 2,4,6 tris(alkyloxy)phenyl moiety (5 9) are liquids at ambient temperature (Figure 2a) . 5, 7 By this substitution motif, linear and long alkyl chains can spread independently and can prevent the C 60 C 60 interaction in neighboring molecules at solvent free, neat condition. Through a systematic investigation of the uid behavior of the C 60 liquids, it is found that the viscosity can be controlled by varying the length of the attached linear alkyl chains. It is a very unique and interesting feature that the longer alkyl chains , attached by branched alkyl chains, those alkyl π compounds are liquid/amorphous at room temperature, which however, can be directed into assembly by adding either of their own molecular segments, the π unit or the alkyl unit (alkane solvents). These ordered materials change from non photoconductive monomer species to photoconductive assemblies.
reduces the viscosity of the C 60 derivatives, which is completely opposite of the phenomenon seen in common n alkane molecules whose longer chains induces higher viscosity as a result of the van der Waals interactions (see photos in Figure 2b ). 5 Rheological studies show that the complex viscosity (η ) decreases with increase of the alkyl chain length among compounds 5 ( 1.2 10 5 Pa·s), 6 ( 1.3 10 4 Pa·s), and 8 ( 1.1 10 3 Pa·s) ( Figure 2c ). 5 Our hypothesis regarding this result is that the longer alkyl chains, even if it is a linear ones, can effectively disturb the C 60 C 60 (π π) interaction in adjacent C 60 molecules and therefore increase disorder and uidity. We have further investigated the thermal property of the liquid C 60 (5 9). Initially, increasing the chain length lowers the melting point of the liquid C 60 ; the lowest melting temperature was noticed for 6 at 36.5 . However, further increase in the chain length causes an upturn of the melting point, since the van der Waals forces among the alkyl chains turn to be dominant. 7 In addition, with the same molecular design strategy used for liquid C 60 , N methyl [70]fulleropyrrolidines equipped with a 2,4,6 tris(alkyloxy)phenyl moiety (10 12, Figure 3a ) also formed room temperature liquid C 70 compounds. 7 Instead of the linear alkyl chains, branched alkyl chains and adjusting substituent position have been found to be more effective for lowering the viscosity of room temperature liquid C 60 . 6 For example, C 60 derivatives possessing two swallow tail type branched alkyl chains at the (3 ,5 ) (13; η 1500 Pa·s) or (2 ,5 ) (14; η 260 Pa·s) positions of the substituent phenyl unit (Figure 3b) show lower complex viscosity. According to the result, the ortho substituent position on the phenyl unit is more effective to produce lower viscosity liquid C 60 . 6 These liquid fullerenes (5, 6, 8) are considered as pioneering molecular systems for the designing of room temperature liquid π conjugated molecules. 5 In addition to their liquid 5 This is maybe due to aggregation of the C 60 core units, as their interaction is only partially disturbed. Thus remaining weak C 60 C 60 interactions could allow the photo generated carrier transport. Therefore the described liquid fullerenes can be categorized as amorphous type liquid materials. 20 As a practical example of liquid C 60 , a prototype photovoltaic cell (photoelectrochemical evaluation) has been demonstrated by preparing a liquid C 60 (8)/CdSe nanosrystals (NCs) composite on a transparent electrode (Figure 4) . 21 In comparison to a pure CdSe NCs lm, the composite lm containing 25 wt% CdSe NCs in liquid 8 showed a 200% photocurrent enhancement under white light irradiation. Inspired by our molecular design strategy, a number of photoconductive, amorphous liquid materials, such as carbazole , 22 pyrene , 23 porphyrin , 24 and triarylamine 25 based room temperature liquids, have also been reported.
Directed Assembly of Liquid C 60
An advantage of liquid substances is their capability of being placed, painted, and fabricated on various shape and geometries of substrate surfaces. Such direct coating of liquid π conjugated molecules allows prepositioning of optoelectronically active component on electrodes. Controlling the timing, assembled structure as well as functions obtained in self assembly of π conjugated molecules from its disordered liquid state would be a key technology in the eld of organic, especially foldable, electronics, like photovoltaics.
To address this, a straightforward approach to direct the assembly of disordered amorphous molecules with suboptimal assembly properties into ordered functional materials using small molecular additives is proposed. 10 This is mainly demonstrated by using two alkylated C 60 derivatives (13, 15) whose native liquid/amorphous state transformed into various assembled structures upon addition of additives favoring either segment of the molecules ( Figure 5) . 6 For instance, addition of pristine C 60 directs the assembly into lamellar mesophases (d spacing around 3.6 nm) by increasing the proportion of C 60 part in the mixture (Figure 5c ). The addition of n alkanes instead results in their assembly, due to the immiscibility of C 60 in n alkanes, into micelles (Figure 5d , average diameter 2.5 0.3 nm, polydisperse in size) and gel bers containing insulated C 60 nanowires ( Figure 5e , μm long; a hexagonally ordered columnar lattice in which the C 60 moieties are in the column centers). In other words, by merely adding either part of the molecule, it was possible to control the timing of the self assembly and also precisely regulate the assembled structures. This phenomenon has been con rmed with another type of alkylated C 60 derivative (16) and with alkylated molecules whose π conjugated part is not C 60 , containing a larger π conjugated moiety C 70 (17) and smaller azobenzene (18) than C 60 (Figure 5f ). Therefore the proposed method can be considered as a novel self assembly technique that can be applicable to various π conjugated molecules in general. 10 Furthermore, both of the assembled lamellar mesophases and gel ber structure exhibit ordered C 60 derived photoconductivity, 10 which has charge transport properties comparable to leading solid crystalline C 60 derivatives including [6, 6] phenyl C 61 butyric acid methyl ester (PCBM), 26, 27 allowing free selection of the desired type of structure according to different applications.
Luminescent Molecular Liquids
Organic luminescent materials have attained much attention nowadays due to their substantial applications in low energy, exible light emitting devices. 28 However, improved color stability and quality, in most cases, are unattainable because solvent free samples (solid, lm) often suffer unexpected molecular assemblies and uncontrollable random aggregation. 1 Accordingly, large area, smooth thin lms, which are highly desirable for ceiling plane illumination though, are strikingly dif cult to be achieved by luminescent crystalline and solid samples. In this context, liquid state luminescent materials that can be paintable, fabricable on various shape and geometries of surfaces are of remarkable interest. 20 When introducing multiple branched long alkyl chains with tunable substitution positions onto a luminescent π conjugated unit makes π π interaction among alkyl π conjugated molecules be disturbed much more ef ciently than that of liquid fullerenes. 5 7 Here we have developed a unique but very sophisticated molecular design strategy in which the luminescent π conjugated unit can be almost fully wrapped with the branched chains, thus resulting in π conjugated core isolation. 8, 9 Through this method, blue emitting (electron donor type) liquids at room temperature derived from two molecules have been synthesized. One example is oligo(p phenylenevinylene) (OPV, 19, 20) 8 carrying four or six branched long alkyl chains and another one is a rather common luminescent dye; anthracene derivatives (21, 22) 9 carrying four or eight branched long alkyl chains (Figure 6a c) . All of these core isolated compounds (19 22) exhibit similar absorption and uorescence spectroscopy features in both diluted monomeric solution and neat liquid state (Figure 6d ), demonstrating the total preservation of the molecularly intrinsic optical properties in the neat liquid state, which was expected in the molecular design. The branched long alkyl chains is not only aimed for the core isolation, but also anticipated for lowering the viscosity and melting point. The complex viscosities are 19; 3.5 Pa·s, 20; 0.64 Pa·s, 21; 0.28 Pa·s, 22; 84.0 Pa·s, respectively. The glassy transition of those compounds are around 50 and as liquid state up to 300 350 without solidi cation and decomposition. Small angle X ray scattering (SAXS) and X ray diffraction (XRD) analysis of the neat liquid samples show that the average distance between the isolated π conjugated units is, for example, 2.1 nm for 21 (Figure 6e) . 9 This is due to the bulky substituents which effectively disturb the anthracene core core (π π) interaction. Such molecular design brings a kind of bonus, photo stability; there is no dimerization and relatively slow photo oxidation, about 10 times slower than that of the bare anthracene unit (speci cally, diphenylanthracene), under 365 nm ltered Xe light irradiation. (Figure 7a ). 8 The low enough T g ( 45 ) and viscosity (3.2 Pa·s) of the liquid composites, make these white emitting solvent free formulation applicable as inks that can be painted and printed on various surfaces, even on proto type UV LED (Figure 7b d) . 8 Full color luminescent liquid composites can be achieved in a same procedure. With green color luminescent 9,10 bis(phenylethynyl)anthracene (D1) and/or red color luminescent tris(1,3 diphenyl 1,3 propanedionato)(1,10 phenanthoroline) europium (III) (D2) as dopants, blue color luminescent donor, liquid anthracene (21) is able to generate full color luminescent liquid composites. 9 The achieved luminescent colors are indicated on the CIE diagram (Figure 8 ). There are two advantages in addition to the previously described photo stability of a liquid anthracene 21; i) highly ef cient energy transfer (96%) from photo excited 21 to D1; ii) multi color luminescence achieved at single blue light (e.g. 375 nm) excitation. 9 Furthermore, this photo stable liquid anthracene molecular concept has been adapted to a photon upconversion system by Yanai, Kimizuka and co workers. 29 Similar to the liquid anthracene 22, four 2 octyldodecyloxy chains are attached on 1 10 diphenylanthracene and used as an electron acceptor as well as photostable matrix. This anthracene liquid can accommodate platinum (II) porphyrin sensitizer, resulting in a photon upconversion property free from the effect of oxygen which commonly works as a quencher of photo exited triplet states. As presented this example, photostable and tractable luminescent liquid materials are promising for applications in developing organic electronics.
Conclusion
Unquestionably, the approach of π unit core isolation with multiple attachments of soft branched long alkyl chains shows great promise for room temperature liquid formulation, and these advanced and initial studies open the door for further details investigations in both fundamental and application points of view. Complete and partial isolation of the π unit core are both available to form liquid matter though, go into the opposite directions with developed sciences. 30 The complete isolation of a π unit core seems a nonassembly method which is good for keeping luminescent properties of intrinsically luminescent molecules. The partially isolation strategy, on the other hand, can direct assembly by adding segments of the molecules and changing them to be photo conducting. Nevertheless, in both cases, the principles and rational molecular designs can be generalized to other π systems with examples shown by ourselves and others. In future, to realize their true potential as devices, molecules with bulk scale (large area) luminescent evenness (homogeneity) of fabricated coating and enough conductivity as well as macroscopic order are required. In addition, photo and thermo stable π molecular design should be further considered with our soft branched long alkyl chains attachment strategy. 
